Introduction
============

Despite the continuous search for an effective vaccine against human immunodeficiency virus (HIV), our effort to develop the vaccine that could end the global HIV-1 pandemic has not been rewarded. Various prevention strategies, such as provision and scaling up highly active antiretroviral therapy, large-scale circumcision programs, pre- and post-exposure prophylaxis for high-risk individuals, topical microbicides, and introduction of antiretroviral therapy to prevent mother to child transmission have contributed to substantial reduction in global HIV incidence and mortality \[[@B1][@B2][@B3][@B4][@B5][@B6]\]. However, the benefits of nonvaccine prevention strategies are diminished by factors such as inadequate financial and human resources and limited compliance and poor adherence \[[@B7]\]. Conflicting results from recent preexposure prophylaxis (PrEP) trials highlight the issues of which strategy to take in PrEP (focused vs. general) considering the epidemiologic impact and cost-effectiveness of combining prevention methods in resource-limiting settings. For this reason, HIV vaccine remains to be essential in combating current HIV pandemics. In this paper, brief history and the recent advances in HIV vaccine development will be reviewed.

Optimism to Pessimism: Neutralizing Antibodies vs. Cytotoxic T-Lymphocyte Responses
===================================================================================

In 1983, when the HIV was isolated and confirmed as the cause of acquired immunodeficiency syndrome (AIDS), the optimism toward HIV vaccine development was prevailing. The danger of integration of the proviral DNA in the host chromosome prohibited traditional approaches to use live attenuated or whole inactivated viruses in HIV vaccine development. With the new recombinant DNA technologies and rapid advances in the molecular biology of HIV, two gp120 products emerged as potential candidates for an efficacy trial. Despite the debates between scientists supporting empirical approach and those supporting theoretical approach, rapidly growing HIV pandemic put immense pressure to expedite vaccine development. The phase III VaxGen\'s AIDSVAXgp120 trial moved forward with industry support. Unfortunately, two phase III gp120 vaccine trials in men who have sex with men in the North America (VAX004) and injection drug users in Thailand (VAX003) failed to demonstrate protection \[[@B8][@B9]\]. Disappointing results of VaxGen trial made HIV researchers to turn from B-cell targeted vaccines designed to induce neutralizing antibodies to T-cell targeted approach. The cytotoxic T lymphocyte (CTL) vaccine approach is to develop a vaccine designed to lower viral set point and delay disease progression, rather than to prevent initial infection \[[@B10]\]. Pox viruses and adenoviruses have been preferentially used for the viral vectors. With piling evidences highlighting the importance of CTL response in the virus control from preceding studies, Phase IIb, proof of concept, MRKAd5 HIV-1 Gag/Pol/Nef vaccine was further proceeded. Among the two viral vectors, adenovirus type 5 vectored (Ad5) candidates were moved on to the clinical trials due to their favorable immunogenicity in animal studies and early-stage human trials. Much to our dismay, two phase IIb trials (STEP and Phambili) were halted because the vaccine revealed not only poor efficacy but it also demonstrated evidence of increased risk of viral acquisition among vaccine recipient as compared with placebo \[[@B11][@B12]\]. It was later suggested that vaccine-related immune activation might have led to increased susceptibility to infection \[[@B13]\]. With disappointing results from the vaccines based on the virus envelope protein gp120 and CTL directed vaccines, pessimism and frustration grew among HIV vaccine researchers. The future prospect for HIV vaccinology seemed grim.

What RV144 Taught Us: In Search for the Correlates of Protection
================================================================

The approach of combining the AIDSVAX B/E gp120 vaccine with the CD4+ T-cell stimulating ALVAC canarypox vaccine (ALVAC-HIV/AIDSVAX B/E) was tested in the face of considerable criticism. Not only AIDSVAX B/E protein vaccine had proven ineffective when used alone in preventing HIV-1, ALVAC was less immunogenic than Ad5 vectors in preclinical testing \[[@B2][@B8][@B14]\]. However, the RV144 trial turned out to be the first trial of a vaccine against HIV-1 to show any degree of efficiency. RV144 was a randomized, multicenter, double blind, placebo controlled efficacy trial of recombinant canarypox vector vaccine done among 16,402 health participants in Thailand. The first year vaccine efficacy approached 60%; however, the efficacy waned over time to 31.2% (95% confidence interval, 1.1 to 52.1; p=0.04) over 42 months suggesting early but nondurable vaccine effect \[[@B15]\]. This modest but unexpected result obtained from RV144 trial revived the depressed HIV vaccine research field. With the extensive search for the correlate of protection among vaccinees, two strong correlates with vaccine efficacy were found. Plasma concentration of IgG antibody specific for V1V2loop region of envelope gp120 was inversely correlated with risk for HIV acquisition while IgA antibody to HIV-1 Env was directly correlated with acquisition of infection \[[@B16]\]. This result highlighted the importance of antibody mediated protection and turned the HIV vaccine paradigm back to the induction of antibodies. Further analysis showed that in vaccinees with low levels of Env-specific IgA antibodies, IgG avidity, antibody-dependent cell-medicate cytotoxicity, non-neutralizing antibodies (nNAbs) and Env-specific CD4+ T cell, were inversely correlated with risk of infection \[[@B16][@B17][@B18]\]. A correlate of risk analysis of RV144 provided the novel direction for the future research.

One of the important finding from RV144 trial is that it suggested that nNAb can be functional and indeed neutralize HIV-1 *in vivo*. The vaccine efficacy from the ALVAC-HIV/AIDSVAX B/E vaccine in RV144 trial is not due to broadly neutralizing antibodies (bNAbs) nor does it induce measurable CTL responses \[[@B15][@B19]\]. Monomeric gp120 HIV-1 envelop proteins alone fail to show protection from HIV acquisition in two previous efficacy trials, Vax003 and Vax004. The RV144 correlates of risk analysis suggested that plasma IgG binding antibody to scaffolded gp70 V1V2 case A2 envelope protein correlated inversely with risk. The differences between the immune responses in RV144 (with observed vaccine efficacy) and those seen in HVTN505 and VAX003 (without vaccine efficacy) provide indirect evidence of the potential importance of the type of nNAbs in reducing HIV-1 acqusition \[[@B2]\]. Further studies suggest that V2 IgG plays a role in protection against HIV-1 acquisition but the mechanism is yet to be cleared \[[@B15][@B20]\]. Recently published nonhuman primate studies also indicate that nNAbs are associated with protection form experimental challenges with both simian immunodeficiency virus (SIV) and SIV/HIV hybrid virus. In a SIVmac251 low dose intrarectal challenge study of rhesus macaques, protection by an Ad26-MVA Gag-Pol-Env vaccine combination was associated with requirement for Env immunogen, anti-Env biding antibody, and V2-specific antibody response \[[@B21]\]. The HIV vaccine efficacy trials are summarized in [Table 1](#T1){ref-type="table"}.

Broadly Neutralization Antibodies
=================================

Series of discoveries related to bNAbs have been made re cently. Investigators found that roughly 20% of infected individuals developed bNAbs, antibodies capable of neutralizing a wide range of viral isolates, after 2-3 years of infection. However, unlike classical viral infection, these bNAbs do not control the viral replication due to continuously emerging escape viruses \[[@B22][@B23]\]. Most bNAbs fall into following groups on the bases of the location on the viral spike of the conserved epitopes that they recognize: CD4-binding site, V1/V2 variable loops, certain exposed glycans, and membrane proximal external region ([Fig. 1](#F1){ref-type="fig"}) \[[@B24]\].

Their efficacy in preventing infection is yet to be proven in humans; however, nonhuman primate studies with passive transfer of bNAbs have promising results. With passive transfer of bNAbs, the studies demonstrated that prevention of viral acquisition among uninfected animals \[[@B25]\] and suppression of viremia among infected animals \[[@B26][@B27]\]. *Ex vivo* studies have shown marked suppression of expression of virus from HIV viral reservoirs by bNAbs \[[@B28]\]. Human *in vivo* studies have shown decreased levels of circulating virus after administration of bNAbs \[[@B29]\]. However, development of bNAbs typically occurred only after many years of HIV infection due to evolutionary hurdles that bNAbs must overcome. Some are autoreactive and clonally deleted to prevent the development of autoimmunity; some have specialized structures, such as long complementary-determining regions that are rare among germline B cells; and others require a high degree of somatic hypermutation \[[@B30]\].

With the promising results of passive transfer studies, induction of bNAbs by active immunization is pursued for the future vaccine strategies. The challenge is to develop a pure stable envelop immunogen that mimics the antigenic profile of the functional envelope spike.

HIV Env neutralization is hampered by (1) its remarkable antigenic diversity, (2) concealing critical epitope via its quaternary structure and heavy glycosylation, (3) antibodies must go extensive somatic hypermutation to gain the ability to recognize the native trimer and block HIV infection \[[@B31][@B32]\]. To solve the problem, the envelop trimer itself is now stabilized in a soluble form and used as a immunogen \[[@B33][@B34][@B35][@B36]\]. Recent animal study using envelop timer, BG505 SOSIP, to immunize rabbits and monkeys were published suggesting the possibility of using envelop timer for the further development of HIV vaccine.

On the other hand, other researchers pursue the B-cell lineage vaccine design strategies which aim at engaging the naïve B-cell repertoire. This approach is to identify the drivers that are responsible for the sequential stimulation of HIV-1 reactive B-cell lineage to yield the bNAbs and use the information to make templates for designing immunogens. Those constructed immunogens are further used in prime boost to engage the naïve B cell *in vivo* and stimulate B-cell evolution until bNAbs producing cells are elicited.

Cell Mediated Immune Responses
==============================

With piling evidences suggesting CTL responses targeting Gag have been associated with relative control of viral replication and elite control of viremia *in vivo*, the failure of MRK rAd5 vaccine trial, known as STEP trial, was a genuine set back. Sieve analysis of breakthrough infection in the STEP trial demonstrated that vaccine induced immune pressure was detected by the identification of virus-escape mutants to vaccine induced T-cell responses \[[@B37]\]. This and proceeding positive results from nonhuman primates studies have suggested that the CTL vaccine might be still worth investigating \[[@B21][@B38][@B39]\].

One of the major obstacles for an effective CTL vaccine is the virus variability. The CTL escape mutant emerges as to evade T-cell responses, and eventually emasculate the vaccine. It is evident that viral escape is influenced by the strength of T-cell responses as well as its ability to escape with a minimal fitness cost \[[@B40]\]. To overcome the virus variability, several research groups adapted the conserved-epitope strategies to target the most conserved regions of HIV which is usually a critical viral elements and mutations in which typically cause a replicative fitness loss. Another feasible approach is computing multivalent mosaic proteins which maximize the coverage of potential 9-mer T-cell epitopes of the input viral sequences. By broadening the T-cell responses to stimulate responses to those normally subdominant epitopes as well as the commoner variable epitopes, this mosaic immunogen strategies may contribute to protect against infection by genetically diverse viruses and to control the possible CTL escapes mutants \[[@B41]\]. Another promising method using replicating vectors are also being pursued. A replication-competent rhesus cytomegalovirus vaccine expressing SIV proteins induced and maintained high frequency of SIV specific CD4+ and CD8+ T-cell responses without measurable antibody responses to SIV. This strategy does not prevent initial infection but control and eliminate virus in 50% of animals via a potent stimulation of SIV-specific CTL reponses \[[@B39][@B42]\].

Conclusion
==========

To date, RV144 trial is the only trial of a vaccine against HIV-1 to show any degree of efficiency. The modest vaccine efficacy from RV144 trial and the successive results obtained from the correlate of risk analysis have reinvigorated the HIV vaccine research field leading to various novel strategies. Although the quest to develop a successful HIV vaccine is long and winding, our understanding of viral immunology and immune correlate of protection has progressed remarkably during the journey. We now are starting to have a glimpse of correlate of protection in HIV infection, better understanding of the immune pathway leading to effective antibodies and newer form of vaccine immunogens. The ultimate goal of the quest to develop the successful HIV vaccine is not yet accomplished but it is evident that we are entering the modern era of HIV vaccinology.
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![Schematic drawing of human immunodeficiency virus type 1 Env trimer with sites of epitopes for broadly neutralizing antibodies. Adapted and modified from Haynes et al. (2012), Nat Biotechnol 2012;30:423-33 \[[@B30]\]. The currently known four general specificity for broadly neutralizing antibodies detected are the CD4 binding site, the V1/V2 variable loops, certain exposed glycans and the membrane proximal external region (MPER). Structures expressed as follows: blue, gp120 core; dark blue, V1/V2 loops; magenta, V3 loop; green, gp41; red, MPER of gp41; light gray, viral membrane bilayer.](cevr-5-6-g001){#F1}
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The HIV vaccine efficacy trial
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  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                             Antibody              T cell                     Combination (antibody/T cell)                                                                                                    
  --------------------------------- --------------------- -------------------------- --------------------------------------------------------- -------------------------------- ------------------------------------- ---------------------------------------------------
  Timeline                          2000-2003             2005-2007                  2003-2009                                                 2009-2013                                                              

  Immunogen                         Clade B/B-Env         Clade B/E-Env              Clade B-Gag/Pol/Nef                                       Clade B-Gag/Pol/Nef              Clade B-Gag/Pol\                      Clade B-Gag/Pol/Nef\
                                                                                                                                                                                Clade E-Env\                          Clade A/B/C-Env\
                                                                                                                                                                                Clade B/E-Env                         Clad B-Gag/Pol\
                                                                                                                                                                                                                      Clades A/B/C-Env

  Delivary vehicle                  Protein               Protein                    Ad5                                                       Ad5                              Canary pox\                           DNA\
                                                                                                                                                                                Protein                               Ad5

  Site                              Thailand              USA/Netherlands            North America, the Caribbean, South America, Autstralia   South Africa                     Thailand                              USA

  Characteristics of participants   5,100 MSM/300 women   2,500 Men and women IDUs   3,000 MSM and heterosexual women and men                  801 Heterosexual men and women   16,402 Community-risk men and women   2,504 Men/transgender women who have sex with men

  Result                            No vaccine efficacy   No vaccine efficacy        No vaccine efficacy, safety issue                         No vaccine efficacy              31.2% Vaccine efficacy at 42 months   No vaccine efficacy
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HIV, human immunodeficiency virus; Ad5, adenovirus type 5 vectored; MSM, men who have sex with men; IDUs, IV drug users.
